Objective: To ascertain whether body mass index (BMI) cutoffs calculated according to age and pubertal stage are superior to BMI cutoffs calculated on the basis of age alone at correctly identifying children and adolescents with high levels of adiposity. Design: Cross-sectional study. Setting: Dunedin, a university city in New Zealand. Subjects and measurements: In total, 368 healthy Caucasian children and adolescents (179 males, 189 females) aged 8.5-15.5 y had their percentage body fat measured by dual-energy X-ray absorptiometry (DXA). High adiposity was defined as X25% body fat in males and X35% body fat in females. The sensitivity, specificity and areas under the receiver operating characteristic curves of two Z-score distributions of BMI were calculated for each gender. Results: Forty-nine males (27.3%) and 43 females (22.8%) had high DXA-measured percentage body fat. In all, 86% of males and females with high adiposity were correctly identified by BMI cutoffs calculated according to age alone, with 89% of males and 97% of females with low adiposity being correctly classified. Similar results were observed when BMI cutoffs utilising both age and stage of pubertal development were used; 90% of males and 88% of females with high adiposity and 92% of both males and females with low adiposity were correctly classified according to BMI. Conclusions: Categorisation of BMI according to both age and pubertal stage of development does not produce cutoffs that are superior to BMI cutoffs calculated on the basis of age alone at identifying children with high DXA-measured adiposity.
Introduction
Although several expert groups have concluded that body mass index (BMI) should be used to classify overweight in childhood (Himes & Dietz, 1994; Bellizzi & Dietz, 1999) , consensus regarding the actual BMI cut-point to be used is less apparent. Alternatives currently in use include agerelated percentile cutoffs such as those based on the NHANES I data (Himes & Dietz, 1994) and the cutoffs recently proposed by Cole et al (2000) , which use the percentiles that correspond to a BMI of 25 and 30 kg/m 2 at the age of 18 y to denote overweight and obesity in children and adolescents of all ages. Although BMI is widely accepted as indicative of body fatness, there is some concern that differential growth rates in children confound the relationship between BMI and body fat during puberty (O'Dea & Abraham, 1995; Daniels et al, 1997) . As more mature boys and girls have higher BMI values than their less-developed counterparts of similar age (O'Dea & Abraham, 1995; Bini et al, 2000) , the use of agespecific cutoffs for BMI in adolescents ignores the potentially important contribution of puberty (Bini et al, 2000) . In turn, it seems possible that these more mature children may have an increased chance of being erroneously classified as overweight.
The ability of BMI to correctly classify children as obese in relation to more definitive measures of body composition has been investigated by numerous researchers (Lazarus et al, 1996; Ellis et al, 1999; Reilly et al, 1999; Sardinha et al, 1999) . These studies have generally reported that while BMI has reasonable efficacy for identifying children who are truly lean, it appears to be relatively insensitive at identifying children who are truly fat. However, because BMI values vary according to degree of sexual maturity in adolescents of the same chronological age (Bini et al, 2000) , it is possible that a knowledge of both chronological age and pubertal status is required for the appropriate identification of obesity. To our knowledge, no studies appear to have established whether or not this is true.
Thus, the aim of this study was to ascertain whether BMI cutoffs developed according to both age and pubertal stage of development (Bini et al, 2000) were superior at classifying children as obese according to their percentage body fat compared with BMI cutoffs calculated on the basis of chronological age alone (Falorni et al, 1998) .
Methods
Falorni et al (1998) and Bini et al (2000) both used the LMS method of Cole (1990) to create Z-score distributions for BMI in Italian children. The data set of Falorni et al (1998) was created from measurements collected in the period 1993-97 in more than 30 000 children and adolescents aged 3-18 y from whom Z-scores for age were derived. By contrast, the BMI cutoffs of Bini et al (2000) , which were created from a subset of the same database of Italian children, were derived from subjects aged 8.5-15.5 y from schools where informed consent for measurements of pubertal stage of development was obtained (n ¼ 4271). Thus, the BMI cutoffs of Bini et al (2000) provide BMI cutoffs at each Tanner stage (I-III and IV-V combined) according to yearly age groups (3-5 age groups per Tanner stage).
Body composition information on 385 children and adolescents of appropriate age was available in our New Zealand research database. All subjects had been involved in studies investigating nutrition and body composition approved by our hospital Ethics Committee (Southern Regional Health Authority). All children were Caucasian and no subject was taking medication that would affect their body composition. The Tanner stage of pubertal development (Tanner, 1962) was assessed by the parent or guardian of the younger children or by the adolescents themselves.
Females rated their breast development and males their genital development from standard descriptions and pictures (Tanner, 1962) on scales from 1 (prepubertal) to 5 (postpubertal), a procedure validated by Duke et al (1980) . Females were also asked whether menarche had occurred and, if so, the age at which menarche had occurred in months. Height was measured to the nearest mm with a wall-mounted stadiometer and weight was measured using electronic scales to the nearest 0.1 kg with subjects wearing light clothing and no shoes. BMI (kg/m 2 ) was calculated. In our laboratory, coefficients of variation (CV%) for measures of height and weight were obtained in one subject aged 9 y who was measured 10 times. CV% were less than 1% for both indices.
Percentage body fat was estimated using dual-energy X-ray absorptiometry (DXA) (Lunar DPX-L scanner, Lunar Corporation, Madison, WI, Software version 1.3z). The scanner determines total fat mass, bone-free lean tissue mass, bone mineral content (BMC, g) and areal bone mineral density (BMD, g/cm 2 ). Percentage fat mass (% fat mass) determined by DXA is calculated as (fat mass/(fat mass+bone-free lean tissue mass+bone mineral content) Â 100). All DXA scans were completed on the same scanner with the same software by two operators who had been fully trained in the operation, positioning of subjects and analysis of results according to the manufacturer's guidelines. Ethical approval to conduct estimates of precision for DXA body composition analysis by performing repeat scans in children was not available. However, in our laboratory, CV% for scanning precision completed on 10 repeat scans of adult subjects was 2.5% for percentage fat mass.
Statistical analyses were performed using SPSS 10 for the Macintosh (Language Systems Corp., Chicago) and results are presented as means (s.d.). Variables not normally distributed were log transformed before analysis. Multiple regression analysis was used to determine whether age and pubertal status influenced the relationship between BMI and percentage body fat and this was performed separately for each gender. Percentage body fat values X25% in males and X35% in females identified subjects as having high percentage body fat. Receiver operating characteristic (ROC) curves (Lazarus et al, 1996; Taylor et al, 1998) were constructed to ascertain the ability of each BMI data set to correctly classify children according to their percentage body fat. ROC curves calculate the sensitivity (of those with high percentage fat, the proportion who also had high BMI values) and specificity (of those with low percentage fat, the proportion who also had low BMI values) of the screening measure at a range of cutoff points. The construction of ROC curves allows the identification of the optimal point at which the majority of subjects are correctly classified while a minimum of subjects are incorrectly classified. This is usually chosen as the point closest to 1 (top left-hand corner) on the ROC curve (Taylor et al, 1998) , although alternative cutoffs may be selected depending on whether the consequences of a high number of subjects being classified as false-positives is more, or less important than the consequences of large numbers of subjects being classified as false-negatives. The areas under each ROC curve (AUC) and their 95% confidence intervals (CI) were estimated to compare the relative ability of each Zscore for BMI to estimate high percentage fat mass. AUCs offer a simple quantitative description of how close the AUC is to the ideal of one (Sardinha et al, 1999) . A value of one implies perfect performance of the screening measure, whereas a value of 0.5 indicates that the screening test is no better than chance (Hanley & McNeil, 1982) . For example, an AUC of 0.9 suggests that a randomly selected obese subject would have a larger BMI than a randomly selected non-obese subject, 90% of the time (Sardinha et al, 1999) . Positive (true-positive rate/false-positive rate) likelihood ratios were also calculated, which express the odds that a given level of a diagnostic test result would be expected in a patient with (as opposed to one without) the target disorder (Sackett et al, 1985) .
Results
The characteristics of the study population are shown in Table 1 . Of our children and adolescents 368 (179 males, 189 females) could be categorised according to Bini et al (2000) as shown in Table 2 . The remaining 10 males and seven females were either older than the maximum (n ¼ 12) or younger than the minimum (n ¼ 5) age bracket provided for each Tanner stage in the Italian data set (Bini et al, 2000) .
Although the body composition of our study population varied widely, the mean age and puberty-conditional Zscores for Bini et al (2000) did not differ in males and females (0.05 7 0.92 and 0.09 7 0.90, respectively) and were normally distributed as evidenced by the Kolmogorov-Smirnov test (P ¼ 0.27 and 0.28). Similar results were obtained using the age alone Z-scores of Falorni et al (1998) . The average age of menarche in the 49 girls who had achieved this stage of development was 12.5 (0.9) years.
In our present sample, 49 males (27.3%) and 43 females (22.8%) had percentage body fat values greater than 25 and 35%, respectively. Multiple regression analysis demonstrated that pubertal stage was a more important co-factor than age in the relationship between BMI and percentage body fat in boys (BMI Po0.01, Tanner stage Po0.01, age P ¼ 0.69), whereas in girls, age entered the model rather than pubertal status (BMI Po0.01, Tanner stage P ¼ 0.67, age Po0.01).
The point closest to one on the ROC curves ( Figure 1 ) was represented by Z-scores of 0.41 in males and 0.89 in females for BMI according to age alone (Falorni et al, 1998) and Zscores of 0.40 in males and 0.68 in females for BMI according to age and pubertal stage (Bini et al, 2000) . Fifty-six males had BMI values greater than 0.41 (Falorni et al, 1998) and 54 greater than 0.40 (Bini et al, 2000) , and 42 females had BMI values greater than 0.89 (Falorni et al, 1998) and 49 greater than 0.68 (Bini et al, 2000) . Table 3 presents the sensitivity, specificity and positive likelihood ratios for each of these cutoffs in both sexes. In total, the BMI cutoffs of Falorni et al Identifying adolescents with high percentage body fat RW Taylor et al (1998) correctly classified 88% of our male subjects as having low or high percentage fat and 94% of our female subjects, whereas the cutoffs of Bini et al (2000) correctly classified 91% of both sexes. Thus, although small differences were observed in the sensitivity and specificity of the Z-score cutoffs defined according to age and stage of pubertal development compared with age alone, the areas under the ROC curves (Table 4) demonstrate that no significant difference in performance was observed with these two measures. In essence, a subject aged 8-15 y with a high percentage body fat would have a higher BMI Z-score than a child of the same age with low percentage fat, 95-98% of the time. This is further illustrated by the positive likelihood ratios ( Table 3 ) which demonstrate that when using either of these cutoffs, a subject with a high BMI would be 7.9-25.3 times more likely to have high percentage fat than a subject with a low BMI.
Discussion
Although concerns have been expressed regarding the ability of BMI to correctly ascertain differences in body composition during puberty (O'Dea & Abraham, 1995; Daniels et al, 1997; Troiano & Flegal, 1998; Bini et al, 2000) , our present results clearly demonstrate that BMI has a high efficacy for discriminating between young males and females with low and high percentage body fat values. Although BMI may be Figure 1 Receiver operating characteristic curves for Z-scores for BMI calculated according to age and pubertal status (Bini et al, 2000) and age alone (Falorni et al, 1998) in males and females aged 8.5-15.5 y. *Represents the optimal point on each ROC curve at which the majority of subjects are correctly classified while a minimum of subjects are incorrectly classified. (Falorni et al, 1998) . Cutoff chosen from point closest to one on ROC curve (Figure 1 ). c Z-scores for BMI calculated according to age and Tanner stage of development (Bini et al, 2000) . Cutoff chosen from point closest to one on ROC curve (Figure 1 ). (Falorni et al, 1998) . b Z-scores for BMI calculated according to age and Tanner stage of development (Bini et al, 2000) .
unable to accurately estimate body fat in every individual (Pietrobelli et al, 1998; Ellis et al, 1999; Sardinha et al, 1999) , the ability of BMI to detect adiposity above a level that is indicative of increased health risk may have more clinical application and be of especial value in epidemiological research. Because adolescents of similar chronological age but different degrees of pubertal development have varying body composition (O'Dea & Abraham, 1995; Daniels et al, 1997; Bini et al, 2000) , it is possible that the more mature children are misclassified by their BMI more often than those less sexually mature. However, our results also demonstrate that the categorisation of a subject's BMI according to both their age and stage of pubertal development does not increase the predictive ability of BMI to classify children as overfat, compared with BMI indices based on age alone. Similar high efficacy was observed for both BMI classifications with 88-94% of males and females being correctly classified according to their percentage body fat. Thus, it appears that there is no advantage collecting information regarding pubertal status when using BMI to simply classify children as overweight or of normal weight. Several factors may have contributed to these findings. Primarily, a significant lack of improvement from inclusion of pubertal status may have occurred because the efficacies of age-appropriate BMI cutoffs were already high, as demonstrated by areas under the curve of 0.95-0.96, leaving scarce room for amelioration. Secondly, in our study population, pubertal status only influenced the relationship between BMI and percentage fat in males, whereas age was the significant factor in girls. This gender discrepancy may have contributed to the small improvements in sensitivity (increase 3.2%) and specificity (increase 3.1%) observed in males when the cutoffs of Bini et al (2000) were utilised compared with those of Falorni et al (1998) . In contrast, although small increases in sensitivity using age plus pubertal status were also observed in girls, these occurred at the expense of specificity such that more girls (increase 4.1%) would be erroneously classified as overweight.
Our ROC analysis resulted in different Z-score cutoffs in each gender for our two BMI distributions, and thus classified different numbers of males and females as overweight according to their BMI. However, alternative Z-score cutoffs could be chosen from the ROC analyses depending on the relative importance placed upon minimising falsepositives vs minimising false-negatives. In addition, the areas under the curves that we obtained demonstrated that regardless of the cutoff chosen, the two BMI distributions did not produce different estimates of the ability of BMI to classify children according to their percentage body fat. Moreover, 94% of both males and females were below or above both Z-score cutoffs (data not shown).
A major limitation in assessing the validity of BMI indices in relation to percentage body fat concerns the lack of internationally accepted criteria for classifying children on the basis of their adiposity. This appears surprising given the overwhelming interest in the measurement of obesity and the concern regarding the rapid increases in prevalence (Troiano et al, 1995; Hughes et al, 1997; Fredriks et al, 2000; Magarey et al, 2001) . The four studies that have evaluated metabolic risk in relation to measures of percentage fat in children and adolescents aged 5-18 y (Williams et al, 1992; Dwyer & Blizzard, 1996; Washino et al, 1999; Higgins et al, 2001 ) have reported percentage fat cutoff values indicating elevated cardiovascular risk ranging from 20 to 33% in males and 23 to 35% in females. The wide range in these estimates may have arisen because of inclusion of different age groups, variation in methodologies used to measure percentage body fat, some of which may not be accurate in individual children (Wells et al, 1999) , and combining the analyses for different ethnic groups when differences in health risk exist that are not explained by variation in body composition (Goran, 2001) . Application of these lowest and highest percentage fat cutoffs in our study population would markedly affect the number of subjects classified as having high percentage body fat values (14-40% of males and 23-59% of females) and would correspondingly influence the estimates of BMI validity. Because of the potential limitations in the derivation of the estimates discussed above, we felt that the percentage fat values of 25% in males and 35% in females provided the best indication of elevated adiposity currently available for this age group.
The strengths of our study include the large sample size, wide age range, inclusion of both sexes and the use of dualenergy X-ray absorptiometry, a validated measure of percentage body fat in children (Wells et al, 1999) . A limitation of the present study is that the stage of pubertal development was self-assessed. Although some authors (Matsudo & Matsudo, 1994) report only moderate concordance between self-assessment and physician-based assessment (60-71%), others (Duke et al, 1980) show that 86-91% of adolescents correctly estimate their developmental stage. Although we were unable to validate the self-assessment of pubertal status in our males, every one of our girls who had reached menarche (n ¼ 49) assessed their breast development as at least Tanner stage III. Of those girls who said they had not yet reached menarche, 117 were classified as at Tanner stage I or II with the remaining 27 girls rating themselves as at Tanner stage III. Menarcheal age subsequently became available for 16 of these 27 girls when they were rescanned at a later date; 13 of the 16 had undergone menarche within 12 months of the original scan. Thus, we feel confident that the self-assessment of pubertal status by our subjects provides a valid indication of their current level of sexual maturity. The database of Bini et al (2000) , which included measurements of sexual maturity, was created from a subsample of a much larger group of Italian children (Falorni et al, 1998) . In theory, our comparison of the validity of these different BMI cutoffs could be enhanced if the BMI estimates developed according to age alone were derived from exactly the same population as the BMI estimates developed according to age and phase of maturation. In practice, we consider this to be an unlikely source of error considering the large number of subjects included in the subsample of Bini et al (2000) .
In conclusion, the age and puberty-conditional BMI standards of Bini et al (2000) marginally increased the utility of BMI as an index of adiposity in males, but did not substantially affect the ability of BMI to discriminate between females with low and high levels of percentage body fat. Thus, although BMI may vary in adolescents of the same chronological age who are at different stages of sexual maturation, BMI cutoffs that also account for the stage of puberty in adolescents in addition to age are not superior in classifying adolescents according to their level of percentage body fat. As such, the additional difficulties associated with collection of information concerning pubertal status and the lack of superiority in females would seem to provide inadequate justification for the use of age and maturityspecific BMI cutoffs to classify youths as having low or high adiposity.
